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Abstract 
Methods are discussed to improve detection of unknown closed valves and location of leakage hotspots within water mains 
network modelling optimization analyses. Pressure and flow trending data has been modified, considering likely flow patterns, 
to include hydrant discharges. Pressure drop amplification by planned valve closures and the benefits of additional hydrant flow 
data capture has been explored. Water quality risks have been mitigated by application of discoloured water theory developed 
since 2005.The interdependence of modelling with past leakage reduction and water quality strategies is reviewed and the paper 
helps support case for wider use of water mains network modelling optimizations. 
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1. Introduction 
Water mains’ network modelling advances are essential for the water industry. There is a need to use modelling 
optimization to improve the accuracy of water mains model maintenance and calibration. This will provide a 
pathway to real time and near real time operational modelling support. Modelling has changed little since the mid 
1990’s when geographical information systems and modelling software first provided the opportunity to build ‘all-
mains’ models. Model calibration tolerances have stayed much the same but optimization now provides an 
opportunity for improved calibration including the detection of unknown closed valves and leakage hotspots. 
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The need to reduce leakage has led to the widespread introduction of DMAs and their internal DPAs. Inlet PRVs 
have often been included in these operational areas. Across England and Wales leakage is about 3,400 Ml/d, a 
reduction of around 39% since 1994/95 and currently 23% of the water supplied. Opportunities for pressure 
reduction are now more limited but it has been suggested that leakage could be reduced by a further 33% to 50% 
by 2035, by Binnie (2012). Also, the need to improve water quality has led to extensive mains rehabilitation. 
Ten years ago, calibration and maintenance of all mains network models was expected to become easier. DMA 
boundaries were defined and knowledge of pipe materials and conditions had improved. It was expected that 
network models, whose primary use had been for planning, including design of mains’ rehabilitation schemes, 
could be leveraged for operational uses. A work-stream reported on by Wu and Sage (2007) involving the 
application of a genetic algorithm to achieve improved water network model calibration underpins the work in this 
paper. Also, the Pennine Water Group’s PODDS work, modelling discolouration in potable water systems, and 
reported on by Boxall and Saul (2005), was advancing. PODDS was based on an observation that discolouration 
material can, over time, adhere weakly to pipes’ inside walls, only to be sloughed off again when flow velocities 
increase above normal maxima, giving rise to the concept of pipe conditioning velocities. Reductions in leakage 
can lead to slower conditioning velocities. Hence, discolouration can still be a problem in older mains and even in 
rehabilitated ones if such material has continued to build up in the pipes over several years. Altered hydraulic 
configurations that arise from new DPAs can also lead to discoloration problems. This is due to flow route 
restrictions that arise and possibilities of local conditioning velocities then being exceeded during high demands. 
 
In the 1980’s, modelling developed by the UK’s Water Research Centre, often included an ‘alternative operational 
mode’. This provided additional data to that collected for peak and average day demands and at minimum night 
flow. The alternative mode was sometimes useful in flagging up water mains’ anomalies, even in the much less 
detailed models of the 1980’s, but the associated the risks of causing water quality problems, led to its demise. 
 
Water mains model optimization investigations for a single pressure zone pilot-study DMA using the genetic 
algorithms relevant to this paper began 8 years ago. Initially, the investigations were based on custom and practice 
field data but making use of more logging. Some large leaks were found. Wu et al. (2010) noted that the lack of 
leakage detection in model maintenance studies could lead to less reliable selection of pipe ks roughness 
coefficients. The next step by Sage et al. (2011) was to include DPAs within a network model pilot study. Also, 
known hydrant discharge interventions were introduced to a newly designed NFFFT as it was assumed that more 
varied observations were needed to improve the optimization outputs. Mitigation of discoloured water risk was 
based on the PODDS work. Tasks included whether a fabricated leak of 2 lps from a cracked open hydrant in a 
DPA and whether a fabricated unknown closed 75mm valve could both be detected which they both were. The 
work proved a useful step forward. But it had become evident that unknown closed valves existed in the test model 
and their presence compromised outputs. For example, an unknown 9 inch closed valve, not identified during the 
earlier custom and practice model calibration, had been sufficient to prevent detection of the known fabricated leak. 
However, targeted pipe status optimization led to detection of the closed 9” valve, and this then led to detection of 
the fabricated leak. A logical network modelling approach was needed to help locate the unknown closed valves. 
 
Nomenclature 
DMA District Meter Area 
DPA Discrete Pressure Area 
PRV Pressure Reducing Valve 
Ml/d Mega litres/day 
PODDS Prediction of Discoloured water in Distribution Systems 
NFFFT Night Fire Flow Field Test 
TCV Throttle control valve 
ks Nikuradse Roughness coefficient 
MNF Minimum Night Flow 
Ofwat Economic regulator of the water and sewerage sectors in England and Wales 
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2. The Unknown Closed Valve problem 
Unknown closed valves are a sensitive topic for water companies as they are expected to know the status of their 
assets. With the extensive boundary changes and mains rehabilitations schemes that have been implemented since 
water industry privatisation in England and Wales it is not unreasonable to suppose that some valves have 
accidently been left closed (or open). Optimisation work requires correct valve status to reliably detect leakage 
hotspots and an optimisation solution for the detection of valve parameters has been reported by Wu et al. (2012). 
Also, allowance is required for local pressure recovery just downstream of a PRV as described by Dvir (1997). If 
this latter factor is overlooked, field data can give the impression that flow just downstream of the PRV is gaining 
energy. There aren’t quantitative answers about closed valves in Ofwat’s public domain June Returns from 
2000/01 to 2010/11. However, the Returns report more interruptions in recent years despite widespread mains’ 
rehabilitation. Also, plots of ‘one-off pressure failure days’ and ‘one-off property pressure failure days’ for DPAs 
indicate annual pressure failure days running into thousands and property pressure failure days peaking at millions 
per year. These observations could be indicative of unknown closed valves. It was thus logical to see if the 
optimization algorithms could be used to seek out any local unknown closed valves. This was facilitated by the use 
of ‘pipe-trees’ to shortlist possible suspect locations and this process is discussed in the paper’s two case studies. 
3. The study 
The first case study, a desktop example, is shown in Figure 1. It comprises 127 nodes, 162 pipe elements, 13 line 
valves, a source node, a tank, a pump and a pressure reducing valve. The model contains an upstream trunk main 
pressure zone with a high level inlet source and a low level pumped source. The flows combine in the trunk main 
that discharges into a tank supplying a DMA with a pressure reduced DPA. The total mains’ length is 102.8 km. 
The total base demand is 81.55 lps with 35.55 lps attributed to that supplied directly from the trunk main, 34 lps to 
the parent DMA and the remaining 12 lps to the DPA. Flow into the trunk main from the high level source varies 
between 90 and 70 lps but can be raised for short periods by planned hydrant discharges. Flow out of the trunk 
main varies between 28 and 108 lps and flow out of the service reservoir varies between 30 and 130 lps. The base 
model contains four closed valves (TCV-19, TCV-4, TCV-11 AND TCV-18) and eight leakage hotspot emitters. 
The 8 emitters and local pressures for minimum night flow and morning peak conditions are shown in Table 1 as 
are the total emitter leakages for 04:00 and 08:00. For the desktop example, fabricated field test data has been 
obtained from the base model in Figure 1. Assuming open valves and no emitters, the optimisation task was to see 
if the four closed valves and eight emitters could be detected from the fabricated field data. 
Table 1 Simple Example Base Model Emitters 
Label zone Emitter Press 04:00 Leak Press 08:00 Leak 
 Coeff (m H2O) Lps (m H2O) Lps 
FL1 trunk 0.4 33.7 2.32 35.21 2.37 
FL2 trunk 0.3 37.88 1.85 38.41 1.86 
LEAK2 DMA 1 45.61 6.75 39.45 6.28 
J-34 DMA 0.3 47.16 2.06 32.73 1.72 
J-29 DMA 0.2 51.53 1.44 35.45 1.19 
log8 DMA 0.2 55.19 1.49 45.65 1.35 
J-21 DMA 0.2 51.49 1.44 35.39 1.19 
LEAK3 DPA 0.6 29.57 3.26 28.94 3.23 
  Leakage lps 20.6 Leakage lps 19.19 
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Fig. 1. Simple Example –Base Model showing pressure zones, emitters and closed. 
The second case study, in Figure 2 was for the ‘ANYDMA’ model. This contained two DPAs and feeds to two 
downstream DMAs. It comprised a source, 917 nodes, 1250 pipe elements, 273 line valves and 2 PRVs. The 
mains’ length was 27km and 2257 domestic properties were served. Based on a real DMA, the peak flow into the 
model from the service reservoir (Source) was 70 lps. The MNF was 25.3 lps, Outflows to the downstream DMAs 
1 and 2 ranged from MNFs of 11.5 lps and 3.9 lps to peak evening flows of 29.6 lps and 11.1 lps, respectively. The 
model contained one fabricated leak and one fabricated shut valve and 5 hydrant locations for NFFFT planned 
discharges. Closed valves in the model were those that defined the internal boundaries. The exception was the pipe 
closed in the smaller DPA for a period in the night to capture this setting in the NFFFT. There were no emitters 
included in the base model, except that in the larger DPA to represent a fabricated leak of 2 lps for part of the 
NFFFT. Instead, a leakage profile in the base model related to the houses attached to each node to the derived 
leakage flow. 
 
 
Fig. 2. ANYDMA example also showing NFFFT controlled discharge flushing points. 
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Larger DPA Smaller DPA 
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Fabricated Leak (2 lps) 
To cascaded DMA No1 
To cascaded DMA No 2Fabricated 
shut valve 
5 hydrant locations 
q<=2 lps 2<q<=5 lps 5<q<=10 lps 10<q<=30 lps 30<q<=134.095 lps 
LEAK1 
LEAK2 PRV 
FL1 Low 
level 
source 
FL2 
Trunk   Main 
J-21 
log8 
J-29 J-34 
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This test included a series of five controlled hydrant discharges to provide more pre-determined variation in the 
test observations. This was found to improve optimization outputs leading to more accurate detection of the 
leakage hotspots, including that for the fabricated leak, and also for the unknown closed valve. Hydrant flows were 
selected such that they had a significant impact on hydraulic behavior but were low enough to mitigate potential 
discoloured water problems by keeping the increased velocities in the DMA’s pipes below conditioning velocities. 
The impact of the hydrant flows can be seen in Figure 3. 
 
 
Fig. 3. Night fire flow field test – measured hydrant discharge interventions and discoloured water risk mitigation (PODDS) 
3.1. The Pipe Tree and Partial Step Test Options 
Pipe trees can be used to target local pipe runs where unknown closed valves might exist. The trees begin at 
source nodes. Each pipe or valve element in the tree has a ‘from’ and ‘to’ node defined by the flow direction. A 
pipe tree ends at a node where flows re-converge or at downstream sink node. Reticulation nodes occur where flow 
passes through the node or splits at pipe branches. Pipe trees also begin from converging flow nodes. Each network 
can be represented by a family of pipe trees. Individual trees must comprise of at least a trunk pipe element but 
more complex trees may also include boughs, branches, twigs and twiglets (and beyond). Trees are numbered in 
order of source descending flows and flows departing from each converging node into the next downstream tree. 
 
The pipe trees imported into a Bentley Systems WaterGEMS Darwin model for the first study are shown in 
Figure 4. The trees were created in a spread sheet application using an EPANET2 ‘inp’ file and tabular results for 
nodes and elements at the 08:00 morning peak simulation. Figure 4 also shows the model’s converging flow nodes 
obtained in the spread sheet. From this, it becomes possible to define subsets of pipe elements that can be used as 
surrogate valves, some of which may then be detected as closed during the calibration optimization of the network 
model. Candidates for the subsets can include pipes immediately upstream and downstream of converging flow 
nodes. Similarly, those at the start of major boughs and branches can be included. The flows at 08:00 into the 
upstream trunk elements of the first six pipe trees are shown. Hence the flow into the DMA via pipe element p-4, 
at pipe tree 1, of 96.9 lps is shown as ‘p-4,1,96.9’. It is logical that some pipes must be excluded from the pipe 
status groups, for example, a pipe that provides a single supply to a DPA would be untenable as a closed element. 
 
Besides the introduction of planned hydrant discharges, field tests can be further modified by planned valve 
closures to amplify local head losses arising from the hydrant operations. This has been referred to as the partial 
step test option in this paper. Additional flow readings can also be captured from significant mains within the study 
area and this option was under investigation when the paper was submitted. Initial desktop analysis indicates that 
local pressure drops of at least 3m are readily achievable. The advantage of this combined intervention is that the 
local head losses from as yet undetected leaks (or fabricated leaks) will also be magnified by their local presence 
although the drop in outflow from the corresponding hotspot will be much less pronounced. The larger pressure 
drops will also mean that the adverse impact of ‘pressure noise’, local pressure aberration, pressure transducer 
inaccuracy and temperature induced errors will be less likely to compromise the observations data used in the 
optimization process. The initial optimization investigations based on above modifications looks promising. 
5 controlled hydrant discharges 
Pipe p1197 conditioning velocity, 0.55 m/s 
Associated peak velocity in DMA 0.5 m/s, (pipe ‘p1197’) 
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Fig. 4. Simple Example showing pipe trees, converging flow nodes and flows at 08:00 into first six pipe trees 
For the second example, the pipe trees from the source are shown in Figure 5. It is of note that that the tree 
configuration downstream of the left-most converging flow node, where pipe tree 4 begins, was used to help 
identify an unknown closed valve on one of the two parallel pipes downstream of that node. 
 
 
 
Fig. 5. Pipe trees downstream of DMA source node also showing additional flow test sites 
3.2. The Simple Example 
Optimization is impeded when solution finding becoming trapped at local minima. This occurred in the simple 
example which included pipe roughness groups, leakage emitter hotspot demand groups and pipe status groups. 
During the initial analysis, the trunk main’s leakage hotspots at FL1 and FL2 were not detected but a successful 
problem solving approach was established by first seeking to find the likely positions of the unknown closed 
valves. To do this, it was found beneficial to consider the pressure zones separately, rather than all at once. Results 

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Tree 1 trunk 48.9 lps 
Tree 1 bough 21.2lps 
Tree 1 branch 6.9lps Left most converging 
flow node 
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were obtained that identified the correct solution for the upstream trunk main. These results were then included in a 
subsequent scenario for optimization of the downstream leakage hotspots. Key results from the sequential steps of 
this multi-stage optimization are shown in table 2 with the detected leakage hotspots shown in Figure 6. In the first 
part of the table, the closed valves adjacent to their adjacent surrogate pipe group elements that have been adjusted 
to closed by the optimizer have been included in the fifth column.  
Table 2 Key results from multi stage optimization for simple example 
 
2013SimExample1.wtg:  T275k-5snaps-ft0p372 
 Surrogate Original Adjusted Head loss Valve Pressure 
Pipe Link Status Status 08:00 Closed Zone 
Pth4 Open Closed 0.02 TCV-19 Trunk 
P-67 Open Closed 2.4 TCV-4 DMA 
P-96 Open Closed 6 TCV-18 DMA 
Pth65 Open Closed 8.1 TCV-11 DMA 
2013SimExample1.wtg:  T500k-3snaps-ft0p00002     
Demands   Node Orig Emit Adj Emit Press (m) Leak 
New Demand Group – 6 FL2 0 0.3 38.3 1.9 
New Demand Group – 6 FL1 0 0.4 35 2.4 
Roughnesses Link Orig ks Orig ks Zone 
New Roughness Group – 7 tr7 6 3 Trunk 
New Roughness Group – 7 tr8 6 3 Trunk 
New Roughness Group – 7 tr9 6 3 Trunk 
New Roughness Group – 8 p6 12 6 Trunk 
T500k-11snaps- Adj emit Press  adj emit Node Match Dist Orig Orig emit 
ft0p0075 Coeff M flow Demand or miss away emit flow 
Label Area   00:00 lps Lps   m Coeff lps 
FL1 Trunk 0.4 34.49 2.35 2.35 Ok hit 0.4 2.35 
FL2 Trunk 0.3 35.53 1.79 1.79 Ok hit 0.3 1.79 
LEAK3 DPA 0.6 29.41 3.25 3.25 Ok hit 0.6 3.25 
J11 DMA 0.9 51.42 6.45 11.45 LEAK2 100 1 7.17 
716-A DMA 0.3 47.28 2.06 2.06 J-21 1800.6 0.2 1.38 
J-34 DMA 0.2 46.38 1.36 3.36 Ok hit 0.3 2.04 
log8 DMA 0.2 50.63 1.42 4.42 Ok hit 0.2 1.42 
hyd3 DMA 0.1 46.13 0.68 0.68 J-34 1803 0.3 2.04 
J-30 DMA 0.1 47.72 0.69 1.69 J-29 2000 0.3 2.07 
      flow lps: 20.06       flow lps: 23.51 
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It was possible to obtain model wide optimization solutions that closely identified all four closed valves. 
However, as noted above, the fitness for such solutions, although good, did not capture the two leakage hotspots at 
junctions FL1 and FL2 on the trunk main. The exercise for the simple example demonstrated that a practical 
approach seemed to be to first determine the correct valve settings across the trunk main and DMA zones and then 
optimize for detected emitter values on the upstream trunk main followed by those for the DMA and DPA. This 
also strongly underpinned the need for in-study feedback from the network operator regarding verification of 
possible closed valves detected as nearby closed pipes. 
 
The proven configuration was thus used as starting point for optimization of the leakage hotspots within the 
DMA, including the DPA. The outcomes were close to those originally incorporated in the base model and are 
included in Table 2 above. Leakage hotspots are shown in Figure 6. The same or similar coefficients have been 
accurately detected at 5 of the 8 nodes in the base model. The hotspots in the base model and those detected by the 
optimizer are also compared in the bottom box of table 2. In practice, more optimizations should be run to develop 
an overview of the detected hotspot’s most frequent locations but it can be seen that detection of the larger leaks 
appears to be reliable. 
 
 
Figure 1 Typical optimisation output for detected leakage hotspots 
3.3. The DMA Example 
Optimization analysis can be impeded when solution finding becomes trapped at local minima or there are 
missing options available from the parameters sets that can be optimized. Previous analysis on the DMA example 
had led to the detection of one unknown closed 9” valve on what was supposed to be a key main about 0.6km 
downstream of the source. This had not been previously identified during custom and practice model calibration. 
However, the subsequent use of pipe trees to create subsets of pipes as surrogates for potential closed valve 
candidates has led to the detection of a second 9” closed valve between the model’s source and the 9” valve 
previously detected and proven on site. 
 
The new solution is shown in Figure 7. The pipe flow arrows indicate a flow reversal back up the 9” CI main 
towards the source, unlike previous results in which the flow was downstream in both the 9” and 14” CI mains. 
Also, although the optimizer detected the fabricated leak in the DMA’s downstream DPA for both analyses, a 
better match was detected with new work being reported in this paper.  
FL1 
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LEAK3 
716-A 
J-30 
J-34 
hyd3 
log8 
J-11 
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Figure 7 Unknown closed valves detected by optimisation 
An exploratory partial step test analysis of a proposed pipe closure (pipe ‘p592’) on pipe tree 3 near the 
fabricated leak indicated that the simulated head at the nearby field test node (‘j228’) would decrease from 54.57m 
to 51.29m should pipe p592 be closed during the controlled flush of 7.6 lps at hydrant 3 (‘hyd3’). It was found that 
back substitution of such head losses into fabricated snapshots for when pipe p592 was closed, during the night fire 
flow hydrant flushing interventions, facilitated detection of the fabricated leakage hotspot by the optimizer. 
 
4. Conclusions 
Water mains network modelling optimization can improve contemporary model maintenance with better 
detection of unknown valve status and leakage hotspots. After better quality models have been delivered is likely 
they will be required to support business activities such as real time and near real time operational modelling and 
associated operational optimizations. This paper discusses some of the fundamental steps that will help facilitate 
the successful implementation of better maintained models, via optimization, making use of planned hydrant 
discharge interventions in pressure and flow trending field tests and the use of pipe trees to help in the selection of 
pipes as surrogates for possible unknown closed valves. Additional flow data will help the calibration process. 
 
Building on the lessons learnt from earlier work, the importance of accurate and more varied field data has been 
seen as a critical success factor for optimization outcomes, including detection of a fabricated leak. More pilot 
studies are now required, including investigation of the partial step test approach within optimization scenarios and 
the optimization benefits to be derived from additional opportunistic flow measurements on key mains. 
 
The new optimization techniques have detected unknown closed valves of significant diameter and leakage 
hotspots, subsequently verified on the mains’ network. Such findings were absent from the earlier modelling work 
for the area. The findings challenge existing modelling processes and causes concern about the efficacy of the 
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widely used custom and practice calibration methods. Optimization provides new opportunities for modellers and 
water companies. Existing modelling methods may not be reliable enough to identify anomalies that can reduce 
levels of service and compromise Ofwat’s service incentive mechanisms. It is better that such anomalies are 
resolved via optimization and that the ensuing sustainability and resilience benefits are achieved. 
 
However, optimization is still a relatively new analytical method for water mains network modelling albeit a 
powerful one. At present, best practice is still developing. An open and constructive approach is essential between 
software developers, optimization modelling practitioners and water network operators. Optimization reveals new 
anomalies, missed by the current custom and practice methods, so feedback from network operators becomes a 
critical factor in building up confidence and know-how in the new optimization methods. It also helps provide the 
momentum for further software functionality development associated with water network modelling optimization. 
 
In the original DMA for the case considered in this paper, the author is pleased to report that the system owner 
confirmed that the unknown closed valves detected by the WaterGEMS Darwin optimization were shut.  This 
provided a key contribution in building up confidence in the application of the developing optimization methods. 
 
5. Recommendations 
More pilot studies are needed to develop best practice and know-how for water mains network modelling 
optimization. It is recommended that custom and practice field tests be modified to include NFFFT hydrant 
discharge interventions. The benefits to be gained from introducing planned closed valve closures during NFFFTs 
to increase local pressure losses to 3m or more during hydrant discharges needs further investigation, as do the 
benefits to be gained from additional flow measurements on key mains in the network. In the longer term, the use 
of routine planned hydrant discharges may be considered impractical but other options such as more accurate local 
metering of customers will become available. This should enable more accurate allocation of peak demand profiles 
and this will also facilitate optimization based detection of any incorrect valve settings and new leakage hotspots.  
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